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INTRODUCTION
During the Quaternary, the Great Basin of the western United States was the site of several large lake systems (Russell, 1885; Gilbert, 1890; Broecker and Orr, 1958; Broecker and Kaufman, 1965; Horrison and Frye, 1965; Hifflin and Wheat, 1977) . Various workers have attempted to estimate the type of paleoclimate responsible for the creation and maintenance of these lakes (Russell, 1885; Jones, 1925; Antevs, 1952; Broecker and Orr, 1958; Snyder and Langbein, 1962; Galloway 1970; Reeves, 1973; Brakenridge, 1978) usually postulating a change in the precipitation or evaporation rate as the controlling factor. However, the relative importance of these factors remains controversial.
In order to estimate changes in the evaporation rate, certain workers (e.g., Leopold, 1951) have: 1) correlated the present-day mean temperature of the free atmosphere with the modern snow line, 2) used relict glacial features to determine the location of the snowline in the past, and 3)
invoked a correlation between present-day mean monthly evaporation rates and mean monthly air temperatures. This procedure leaves much to be desired since full-glacial cooling has not been shown to occur evenly at both high and low elevations, i.e, Pleistocene lapse rates may have differed from present-day lapse rates. In addition, the extrapolation of present-day air-temperature evaporation-rate correlations to full-glacial peripds is risky since it assumes that all other climatic parameters which affect evaporation (humidity, cloud cover, water temperatures, etc.) are correlated with past temperature distributions in the same manner as they are correlated with present-day temperature distributions.
In this study, evaporation across an air-water interface is theoretically formulated in terms of an energy flux balance. This enables calculation of the functional dependence of evaporation on several climatic parameters: air temperature, surface water temperature, precipitable water aloft, the amount, height, and type of cloud cover, and the optical air mass, i.e., the path length traversed by light rays from a celestial body to the observer expressed as a multiple of the path length at zenith. The theoretical model is used to calculate the mean annual evaporation rate for Pyramid Lake, Nevada, a remnant of paleo Lake Lahontan. After testing of the model against measured evaporation rates, it is then used to determine possible climatic states responsible for fluctuations in paleo Lake Lahontan (hereafter referred to as Lake Lahontan).
THE ENERGY BALANCE MODEL
The energy flux balance, in calories per unit are per day, is given by (Harbeck, et al., 1958) :
Q is the solar radiation flux incident to the water surface and can s be calculated with the following relation
In Eqn. 2, Q is the mean daily solar radiation flux incident on the upper atmosphere at the latitude of interest. TAB' T DA , TWS' and TWA are atmospheric transmission coefficients due respectively to cloud albedo, dry air, water vapor scatter'ing and water vapor adsorption.
Qr' the flux of solar radiation reflected from the water surface, is given by where R is the surface reflectivity. s
The flux of incoming long-wave atmospheric radiation, Q , is related to 
The flux of long-wave radiation emitted by the water, Qbs' is given by wtlere T is the water surface temperature in degrees Kelvin and e is the o emissivity of water.
Q , the net energy flux advected into the water body, can be calculated v by summarizing the heat contributions from all advective sources, i.e.,
where V. is the volume input to the water body from the ith source, T.
1 1 is tile mean temperature of the i th source, and p and c are, respectively, the density and specific heats of water.
Q , the energy flux due to evaporation, is related to the density of e water being evaporated, P , the evaporation rate, E, and the latent heat of e vaporization, L, by
~h' the energy flux conducted from the water as sensible heat (enthalpy), is related to the evaporation flux through the Bowen ratio, R, by Q , the energy flux advected by evaporating water, is given by w
-4-
The parameters given in Eqn. 10 have all been previously defined except Tb which is an arbitrary base temperature,usually taken to be OaK.
Q the amount of stored energy can be calculated using the following
where T. is the mean temperature of the i th layer having thickness /),X. and A. is the mean area of the ith layer. Equations (1) - (11) together with the expression for the Bowen ratio, i.e.,
can be solved in terms of the evaporation rate, E, giving
The parameters T , T , T., T b , /),X 1 ., A., V., P, e , and e are obtained 1950 -1975 and mean monthly surface temperatures from Pyramid Lake for the period -1977 (Sigler et al. 1978 were used in the calculations. Data for the type of cloud cover and change in heat storage (~Qv) were unavailable.
Therefore, the assumption was made that the mean annual amounts of heat gained and lost by Pyramid Lake were equivalent, i.e., o
and cloud cover type was treated as an adjustable parameter.
The input and results for a sample calculation are shown in Table 1 .
Measured evaporation rates for Pyramid Lake are given in Table 2 . In Table 3 are shown the results (mean annual evaporation rates) of four calculations in which the relative amounts of low and high level clouds were varied. Note that low and high level clouds were assigned heights of one and six km, (Tables 2 and 3) ; however, the calculated mean monthly distributions are not coincident with the measured mean monthly distribution ( Fig. 1) . This is probably a result of not accounting for monthto-month changes in heat storage. Note also that the calculations are not particularly sensitive to the type of sky cover. This is due to the fact that during the period of interest a high percentage of the total annual evaporation occured in months characterized by low percentages of sky cover (Table 1) .
In general, the energy balance model yields satisfactory results when applied to the calculation of mean annual historical evaporation rates. In the following section the model is used to deduce changes in certain climatic parameters which may have led to fluctuations in the level of Lake Lahontan.
PALEO LAKE LEVELS
Fluctuations in the level of Lake Lahontan have been documented by a variety of researchers. Broecker and his co-workers (Broecker and Orr, 1958; Broecker and Walton, 1959; Broecker and Kaufman, 1965) were the first to attempt a determination of the absolute chronology of Lake Lahontan. Certain inconsistencies in Broecker's radiocarbon determinations led to a redetermination of the chronology (Benson, 1978) . An additional 44 carbon-bearing samples have been age-dated as part of the present study (Table 4 ). The new data are substantially in accord with the author's previous findings (Benson, 1978) and are correlative with recent studies of Searles Lake (Smith, 1968; Peng et al., 1978) and Lake Bonneville (Scott, 1980) . Hydrographic characteristics of Lake Lahontan for various key times in the past are given in Table 5 . Some of the data used to estimate these parameters were obtained by planimetering each of the nine Lahontan subbasins (Fig. 3 ). The hydrographic parameters for the ll80 m lake level were obtained from Russell (1885). The parameters for the 1230 and 1270 m lake levels were estimated assuming that all lakes, even though physically unconnected, stood at the same level as the Pyramid Basin lake.
PALEOCLIMATIC SIMULATIONS
Changes in lake level, volume, and surface area occur in response to changes in the hydrologic balance, i.e., changes in the rate of fluid input and/or the rate of evaporation.
Evaporation Simulations
In Figure 4 , air temperature, precipitable water aloft and sky cover distributions used in the simulations are compared seasonally with mean historic values. Two types of simulated distributions were utilized. In one case an absolute change in the value of a parameter was added to each of the monthly values. In the second case it was assumed that there was a graduated change in the parameter for each month, with the maximum change in July and no change in January. For example, the mean temperature of each month was decreased by a con8tant percentage of the difference between the temperature of that month and the January temperature. "Ice-age" values for air temperature and precipitable water aloft were chosen in light of Gates' (1972) global climatic synthesis of the 18,000 B.P. climate. Changes in sky cover were arbitrarily chosen.
Some of the results of the simulations are shown in Figure 5 . The results of calculations in which precipitable water aloft was varied from 20 to 40 percent differed by less than two percent and therefore have not been shown.
It is apparent from the data of Figure 5 , that July-scaled temperature reductions of 10-15° K and sky cover increases of 10-20 percent (absolute) serve to reduce the annual evaporation rate by 45-60 percent (curves 1-4). Changes in sky cover, uniformly distributed over the year, cause a further reduction in the evaporation rate (compare curves 1 and 7); while uniformly distributed changes in both sky cover and temperature (10 percent and 10° K, respectively) serve to reduce the evaporation rate to less than 25 percent of its present value (see curve 9 of Fig. 5 ).
Discharge Calculations
Historic mean annual discharge to the Lahontan Basin from the four principal river systems depicted in Figure 3 have been calculated using an evaporation rate of 1.25 m yr-1 (Harding, 1965) together with the total surface area of perennial lakes observed by Russell (1885). The results of the calculations are given in Table 6 .
The amount of discharge to the Lahontan Basin during a full-glacial period is a matter of controversy. The only study that has dealt even semi-quantitatively with past changes in Sierran precipitation is that of Curry (1969) .
Curry estimated that in order to create and maintain the Sierran glacier which existed during the Wisconsin maxima, the mean snowfall would have had to be 2.5 times the present mean snowfall, assuming that summer cloud cover, ground albedo, and temperature during the glacial maxima were the same as those for Given the hydrographic data of Table 5 In order to calculate the response in lake level to changes in climatic parameters, it was assumed that climatic changes occurred instantaneously at 15,000 B.P. to values sufficient to maintain the 13,000 B.P. lake level and at 11,000 B.P. to historic values.
The volume of water lost to evaporation, V E , during the 2000 yr period represented by trajectory 4 is equal to the product of the mean evaporation rate, the mean surface area, and the time over which the process took place. 
The net volume change is equivalent to the amount discharged minus the amount evaporated, i.e., and
In order for the lake to rise from 1230 to 1330 m, the net volume change mus t equal '1660 km 3 • Therefore, an evaporation rate of 0.20 m yr-1 combined with a discharge rate of 4.5 km 3 yr-1 is sufficient to account for the apparent change in lake level; however, an evaporation rate of 0.10 m yr-1 combined with a discharge rate of 2.2 km 3 yr-1 is not sufficient.
If we assume that historic evaporation and discharge rates were instantaneously achieved at 11,000 B.P., then over 1000 yr the potential volume of 
The Effect of Ice Cover on the Creation and Maintenance of Lake Lahontan High Stands
In estimating the change in climate necessary for the creation and maintenance of Lake Lahontan, the effect of seasonal ice cover was not given consideration. The annual heat budget of a lake is of course affected by ice cover.
In winter, ice cover acts as a store of latent heat and modifies energy exchanges between the lake and the atmosphere. In spring, additional heat is required to raise the temperature of the ice cover to its melting point, to effect its change of state to the liquid and also to heat the liquid. A quantitative estimate of the effect of seasonal ice cover on the evaporation rate is beyond the scope of this paper (for a discussion of this topic see Adams and Lasenby, 1978) . However, it is clear that ice cover causes a reduction in the evaporation rate. If the surface of Lake Lahontan was ice covered, it follows that the amount of climatic change necessary for the creation and maintenance of high stands has been overestimated in the previous calculations. The optical air mass, M, is a function of the zenith angle, z. Values of 1:1 = 1'1(z) were taken frolH Kasten (1966) . The zenith angle itself was calculated using the expression s = 2.0 ly min-1 (the solar constant) t = hrs of daylight diu (the ratio of the mean distance of the earth from the sun to the instantaneous distance) = 1. 00 ± 0.03 (dimensionless) AHL the albedo of high level clouds .21
the albedo of high level clouds .48 .HL ALL the albedo of low level clouds .70 f t L' fi\1L and f L the fractions of respectively, high lJvel,£medium tevel and low level clouds, were used as adjustable parameters in all simulations.
Data sources not previously mentioned are: Davies, et ale (1975) , Harbeck et ale (1954 ), Sellers (1965 , Reitan (1963) and Weast (1976 
1.
Comparison of measured and calculated mean monthly evaporation rates.
2.
E refers to total mean annual evaporation given in meters.
Elevation of Lake Lahontan constructed from Pyramid and Walker Basin data. Size of sample is equivalent to counting error. Lines labeled (1), (2), Figure 4a indicate July-scaled decreases in temperature of 10 to 15°K, respectively. The curve with open squares indicates a temperature distribution decrease of lOoK throughout the year. In Figure 4b the curves with open circles and triangles indicate July-scaled decreases in precipitable water aloft (W) of 20 and 40%, respectively. The curve having filled circles indicates a distribution in which W was decreased 20% throughout the year. In Figure 4c curves having open squares and triangles indicate July-scaled increases in sky cover of 10 and 20%, respectively. The curve with filled circles indicates a distribution in which sky cover was increased by 10% throughout the entire year.
5.
Results of evaporation rate simulations. Ta refers to air temperature change relative to present-day value; (J) refers to July-scaled reduction in parameter, X refers to percent increase in sky cover.
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